Developments in MS enable us to apply this technique to non-covalent complexes, defining their stoichiometry, subunit interactions and architectural organization. We illustrate the application of this non-covalent MS approach to uncovering the overall topological arrangements of subunits and interactions within RNAprotein complexes studied in our laboratory over the last 5 years. These studies exemplify the emerging role and potential of MS as a complementary structural biology methodology and demonstrate its unique niche in investigations of dynamic or heterogeneous protein-nucleic acid complexes, which are not accessible to classical high-resolution structural biology techniques.
Introduction
Fundamental biological processes, including DNA replication and repair and RNA processing, silencing and translation, are based on a broad spectrum of nucleic acid-protein interactions. Because of the overall complexity, heterogeneity and dynamics of these interactions many structural biology approaches are not readily applied to unravel the intricate network of interactions involved. Integrative approaches, combining information from varied sources, are emerging [1] . MS of non-covalent macromolecular complexes is one such integrative technique since it can provide detailed information about subunit stoichiometry, composition and dynamic interactions as well as the topological arrangement of subunits within macromolecular complexes [2] .
A prerequisite of any MS experiment is generation of ions from the complex of interest. Development of the gentle ionization techniques, such as ESI-MS (electrospray ionization MS) [3] and MALDI (matrix-assisted laser desorption ionization) MS [4] , allow the investigation of the interactions between proteins and nucleic acids. Biological applications of ESI-MS far outweigh applications of MALDI [2] . This is primarily because the sample preparation in MALDI requires final acidic conditions, which may perturb the intermolecular interactions present in solution. In contrast, the role of ESI-MS in studying intact non-covalent macromolecular complexes is reinforced, particularly with the development of a miniaturized version of ESI, nESI (nanoflow ESI) [5] , and instruments optimized for transmission of high mass assemblies up to 2-3 MDa [6] . For nESI, typically 1-3 μl of micromolar protein concentration is required, and this ionization process has been shown to be more gentle and reliable for introducing labile intact multimolecular complexes into the gas phase [2] . Noncovalent interactions between the molecules in the complex are maintained during their transit from solution to the gas phase and the mass of the intact complex is measured directly to establish the stoichiometry of interacting molecules.
To uncover the overall topological arrangement of subunits and intersubunit contacts within complexes, further information can be obtained by generating multiple subcomplexes from solution-phase disruption techniques. These techniques include either adding mild denaturants or changing the ionic strength or pH of the complex-containing solution prior to introduction into the mass spectrometer [7] . This process together with dissociation of non-covalent complexes in the gas phase, via CID (collision-induced dissociation), reveals the identity of the various subcomplexes [8] . CID can be performed in-source by increasing accelerating voltages causing multiple collisions to activate the ions. Alternatively, CID can be performed within the collision cell usually on selected ions isolated over a narrow m/z range. This results in dissociation of highly charged monomeric subunits and formation of corresponding 'stripped' complexes at higher m/z [9] . By increasing the collision energy in a stepwise manner, it is possible to expel subunits in a sequential manner. The order of subunit release can be interpreted in terms of the location of subunits within the complex, those located on the periphery of a complex being the first to dissociate. This information together with the identity of subcomplexes generated in solution can be pieced together, ultimately to produce an interaction network and identify the architecture of a macromolecular assembly.
Further developments in MS, in particular IM-MS (ionmobility MS) [10] , provide information on the overall shape of the multimolecular assembly. This instrumentation uses an ion drift cell for separating ions on the basis of their ability to traverse neutral gas molecules under the influence of a weak electric field. The time of travel through a defined distance is recorded and, after careful calibration, can be converted into a collision cross section. This parameter is directly related to the size and overall topology of an ion and imposes constraints on the possible subunit arrangement in model structures and therefore helps refine subunit architecture.
MS is now established as a complementary approach to many structural techniques for macromolecular complexes [1, 11] ; a relatively small number of studies involve investigations of nucleic acid-protein interactions, the major focus being on protein-protein interactions. This situation reflects the practical difficulties in obtaining spectra of nucleic acidprotein complexes, which arise from non-specific cation binding to nucleic acids and the inherent heterogeneity of many oligonucleotides. This leads to broadening of the peaks in mass spectra of the ions containing nucleic acids and makes mass measurements more ambiguous compared with ions containing only protein components. Furthermore, MS investigations of non-covalent interactions are sometimes complicated by artefactual non-specific interactions within evaporating droplets during the electrospray process when local concentrations of species increase. This effect is exasperated in nucleic acid-protein complexes. Negatively charged nucleic acid molecules and positively charged basic residues of a protein complex can form non-specific electrostatic associations that may be difficult to distinguish from bona fide protein-nucleic acid interactions. In spite of the difficulties that nucleic acid-protein complexes present, there have been a number of successful studies carried out recently, which establish the expanding role of MS in elucidating the structure and function of nucleic acid-protein interactions.
Here, we review the applications from our laboratory during the last 5 years that exploit the observation of noncovalent nucleic acid-protein interactions in the mass spectrometer, particularly those that have been used to examine the architecture of nucleic acid-protein complexes. We highlight the potential of IM-MS for maintaining the topology in the gas phase and defining shapes of heterogeneous macromolecular assemblies using the example of TRAP (trp-RNA binding attenuation protein) [12] . We describe the role of ESI-MS analysis of the reconstituted in vitro human RLC [RISC (RNA-induced silencing complex)-loading complex] [13] and include protein complexes involved in transcription (RNA polymerase) [14] and processing of RNA (yeast exosome) [15] . We also show that not only is it possible to study ribosomes in the gas phase, but it is also possible to obtain precise information, especially regarding the overall stoichiometry and composition of stalk complexes from a variety of species as well as the intact 2. 
Small multiprotein-nucleic acid complexes
The first attempt to assess the architecture and the overall topology of a multiprotein assembly by IM-MS was carried out using the TRAP complex from Bacillus subtilis. TRAP has been shown to self-assemble into a highly stable oligomeric ring structure [19] and was selected for this study based on its defined shape (Figure 1 ). The stability of the native quaternary structure of TRAP was shown to increase upon binding of tryptophan [19] . Moreover, in the presence of tryptophan, a 53-base segment of the trp leader mRNA binds around the perimeter of the TRAP complex, resulting in further stabilization of the assembly [20] . Although a substantial amount of evidence confirms that protein complexes can survive in the solvent-depleted environment of the mass spectrometer [21] , their overall topology in that environment had not been addressed previously.
The collision cross section of the non-covalent protein assembly of apo TRAP and TRAP in the presence of tryptophan molecules and a 53-base segment of cognate RNA was investigated by nESI from an aqueous solution (pH 7.0) using ion mobility separation within a modified quadrupole time-of-flight mass spectrometer [22] . Four broad peaks corresponding to the 19+ to 22+ charge states of the 11-mer complex are present in the mass spectra of apo TRAP ( Figure 1A) . Measurement of the collision cross sections of these ions after careful calibration shows that the 19+ charge state has the largest collision cross section (6600 Å 2 ; 1 Å = 0.1 nm). This is in agreement with cross section estimates based on the crystal structure [19] . The 21+ and 22+ charge states are the most compact, consistent with closely packed configurations of protein subunits, whereas 20+ charge state ( Figure 1C , upper panel) has a bimodal distribution, indicative of structural heterogeneity. MS and ion mobility data of tryptophan-bound TRAP complex ( Figure 1C , middle panel) are indicative of enhanced stability as the higher charge states that had exhibited collapse in the apo form exhibit a more stable ring-like structure. The mass spectrum recorded for the TRAP-Trp-RNA complex ( Figure 1B) , however, shows distribution of the charge states corresponding to two different species: lowintensity peaks for apo 11-mer TRAP (charge states 22+ and 21+) and more intense peaks for RNA-bound complex at higher m/z (charge states 21+ and 20+). The RNAbound species has the largest collision cross section (7400 Å 2 , Figure 1C , lower panel), representing a 12% increase compared with the collision cross section of the ring structure of the apo form and consistent with calculated values of the protein complex with an RNA bound to the periphery. The contribution of collapsed structures to the distribution of conformers is almost negligible, in agreement with the enhanced rigidity of the ring when RNA is bound to the perimeter. This shows that interactions between proteins and nucleic acids can be examined by IM-MS to identify the overall topology and architecture of their macromolecular assemblies. This will be particularly powerful when studying protein-nucleic complexes that exist in multiple functional forms.
The stoichiometry of the TRAP complex has already been established crystallographically, but in many cases MS can be used to determine the overall composition prior to any other structural information, as shown recently for the reconstituted human RLC [13] . This complex is involved in targeted gene silencing by RNAi (RNA interference). It was known to comprise three proteins: Ago2, Dicer and TRBP [TAR (transactivation response) RNA-binding protein]. Ago2 is a core component and binds to miRNA (microRNA) or an siRNA (small interfering RNA). The Dicer subunit possesses catalytic activity and is involved in cleavage site selection. Several functions have been ascribed to human RLC: (i) to recognize and bind to pre-miRNA hairpins, (ii) to process pre-miRNA into an miRNA duplex by the catalytic activity of the Dicer subunit and (iii) to cleave or slice an RNA substrate that is base-paired to the miRNA in the complex.
For the reconstituted complex, the two proteins TRBP and Ago2 were shown to co-elute with FLAG-tagged Dicer by immunopurification from HEK-293 (human embryonic kidney cells)-derived cell lines [23] . Size-exclusion chromatography indicated that TRBP exists as a dimer, but no other stoichiometric information was available. MS of the intact reconstituted complex revealed the molecular mass of 371 129 kDa (Figure 2 , lower panel). This value is larger than the sum of the molecular masses of the individual proteins, each present at unit stoichiometry (355.056 kDa). It is not consistent, however, with incorporation of TRBP dimer into the complex. However, an 11 kDa species was observed in the low-m/z region of the spectrum, and a series of peaks at 4200-5400 m/z (Figure 2 , lower panel, inset), assigned to Ago2 tightly associated with the 11 kDa species, was suspected to be a small RNA present in Ago2 preparations. Ethidium bromide-stained denaturing PAGE confirmed that Ago2 preparations do indeed contain RNasesensitive nucleic acids, including a band at 11 kDa. The additional mass of 11 kDa results in a calculated mass of 366 898 Da for the RLC. Retained water molecules and buffer ions are likely to contribute to the additional 1.15% of the observed mass under soft ionization conditions [24] . The three proteins are present in the complex at 1:1:1 stoichiometry according to our MS data, whereas the mass estimated by size-exclusion chromatography is significantly higher (∼500 kDa), indicating an irregular, non-spherical shape for this complex.
Intermediate-sized protein complexes involved in RNA transcription and processing
Many protein complexes that regulate gene expression at different levels are involved in interactions with nucleic acids. Elucidation of the structural organization of these complexes brings insights into the possible mechanisms of cellular processes. Bacteria have a single RNA polymerase species for transcription. In Escherichia coli, the core RNA polymerase is composed of five subunits (α 2 ββ ω) and has a mass of 389 kDa [25] . It is capable of transcript elongation, but requires an additional σ subunit for promoter recognition and initiation. E. coli uses seven different σ factors, the most abundant being σ 70 [26] , which recognizes most promoters and is regulated by the σ product of the rpoD gene (Rsd) protein. Rsd prevents σ 70 association with RNA polymerase core enzyme by forming a 1:1 complex with σ 70 [27] . Binding of the σ 70 to the core enzyme was examined by ESI-MS [14] . A well-resolved series of peaks was recorded both for the core RNA polymerase ( Figure 3A , upper panel) and holo polymerase bound to σ 70 formed by addition of a molar equivalent of the factor to the core complex ( Figure 3A , lower panel). Rsd was also added in a 1:1 molar ratio to the core enzyme in order to investigate a putative interaction. The results of that study established that Rsd can bind to the RNA polymerase core enzyme ( Figure 3B ). To further investigate how binding of Rsd affects σ 70 binding to the holoenzyme, a series of titration experiments was carried out by adding aliquots of Rsd to a solution containing the holoenzyme. Upon addition of an equimolar quantity of Rsd, a series of peaks are observed corresponding in mass to Rsd/σ 70 (1:1 ratio). When Rsd is added in a 2-fold excess, the intensity of Rsd/σ 70 species increases ( Figure 3C , upper panel), implying that Rsd displaces σ 70 from the holoenzyme, whereas an additional series of peaks at high m/z can be resolved consistent with core enzyme binding to Rsd in 1:1 ratio ( Figure 3C, lower panel) . This demonstrates an exciting attribute of MS in monitoring the dynamic interactions of the Rsd and σ 70 proteins with RNA polymerase. Taking this one step further and using MS to derive a three-dimensional interaction map of an intact assembly is exemplified in a study of the yeast exosome [15] . This evolutionarily conserved multisubunit complex has 3 -5 -exo-RNase activity and is involved in RNA processing and turnover [28] . Mass spectra of the yeast exosome isolated intact from cells at natural expression levels showed the presence of all ten subunits (398 kDa). Six of these subunits (Rrp41, Rrp42, Rrp43, Rrp45, Rrp46 and Mtr3) are catalytic domains with phosphorylase activity; three other subunits (Rrp40, Rrp4 and Csl4) have RNA-binding motifs and the largest Dis3/Rrp44 subunit belongs to the RNase R family of hydrolytic RNases. Csl4 was used as the target protein for affinity purification of the complex, because initial mass spectra showed it to be present substoichiometrically. A series of subcomplexes was generated through partial denaturation and perturbation of the complex. Species of 85 kDa were consistent with the heterotrimer Rrp40-Rrp45-Rrp46 and those of 112 kDa were assigned to the tetramer Rrp41-Rrp40-Rrp45-Rrp46 ( Figures 4A and 4B ), confirmed by tandem MS. Partial denaturants were used to probe proteins at the core of the exosome by disrupting hydrophobic interactions. Three distinct dimeric complexes (Rrp42-Mtr3, Rrp41-Rrp45 and Rrp43-Rrp46) ( Figure 4B ) were generated under these conditions.
Given that the related bacterial PNPase (polynucleotide phosphorylase) and RNase PH exhibit a ring-like structure [29] , we speculated that the three dimers constitute the hexameric ring. There are two possible orientations for the Rrp42-Mtr3 dimer ( Figures 4C and 4D ). To distinguish these possibilities, subcomplexes were generated in which Mtr3 is lost in conjunction with other ring proteins, reasoning that the loss of neighbouring proteins is more likely. This approach enabled the deduction of the order of the core of the complex Rrp41-Rrp45-Rrp46-Rrp43-Mtr3-Rrp42. Locations of the three subunits not included in the ring (Rrp40, Rrp4 and Csl4) were deduced by considering solution-phase complexes that contain an incomplete ring together with these proteins. Rrp40 was found to bridge Rrp45 and Rrp46 dimers. In the case when Csl4 is absent, loss of Rrp43 and Mtr3 was observed, consistent with Csl4-stabilizing Rrp46-Rrp43 and Mtr3-Rrp42 ( Figure 4E ). Following internal symmetry, Rrp4 should bridge dimers Rrp41-Rrp45 and Rrp42-Mtr3, supported by the fact that Rrp4 was present in subcomplexes lacking Mtr3, Rrp43 and Rrp46. The position of the remaining Dis3 protein could not be determined directly; however, it was present in subcomplexes with Rrp45-Rrp41-Rrp42 side of the ring. The resulting network ( Figure 4F ) is supported by shortest path interaction network calculations obtained using a genetic algorithm to explore all possible connections consistent with a dataset of common subcomplexes. The preliminary architectural model of the yeast exosome exemplifies an exciting role of MS in constructing threedimensional representations of multimolecular complexes and can, in conjunction with homology modelling, be used to produce atomic models of protein complexes in advance of high-resolution structural information.
Large macromolecular protein-RNA complexes
MS is not readily applied to molecular complexes of MDa molecular masses. However, a number of protein-nucleic acid interactions have masses in excess of 1 MDa including ribosomes, spliceosomes and complexes of nucleosomes, and as such are challenging to study. Characterization of the subcomplexes that define the intact human spliceosome is under way using co-expression and synthetic RNA [7] . We have shown previously [30, 31] that not only is it possible to maintain ribosomal subunits intact in the gas phase of the mass spectrometer, but it is also possible to examine the structural organization of the ribosomal subcomplexes as well as the effect of small modifications within the context of intact particles [16, 18] . In the mass spectra of intact ribosomes from E. coli, well-resolved charge states can be discerned for the small ribosomal subunit 30S, whereas charge states for the intact 50S and 70S subunits are not resolved, presumably due to their heterogeneity ( Figure 5A ). In contrast, careful control of the conditions in the mass spectrometer allows resolution of heterogeneous populations of the most robust 30S ribosomal subunits and 70S ribosomes from Thermus thermophilus [32] . The masses of these particles were found to be consistent with multiple populations of ribosomes, identified by simulation of mass spectra of ribosomes with and without the full protein complement ( Figure 5B ). Four distinct populations, assigned to (i) the full complement of proteins in the 30S subunit, (ii) the 30S-S1, (iii) 30S-S6 and (iv) 30S-S1 and 30S-S6, combine to give the spectrum recorded for the 30S assembly. The discrepancy in the mass and broad peak width of the 70S charge states suggested that also more than one species contributed to the mass spectrum. It was possible to resolve the two components by fitting simulated spectra to the recorded spectra of 70S ribosomes ( Figure 5B ). Two populations were assigned to the intact 70S with a molecular mass of 2 323 439 Da and to the 70S-S1 with a molecular mass of 2 251 569 Da. In the gas phase, our results show that most of the 70S particles contain a full protein complement, including the flexible stalk complex. The ribosomal stalk complex plays a crucial role in translation by delivering translational factors to the ribosome. The dynamic nature of the ribosomal stalk imposed difficulties on the structural characterization of the complexes by high-resolution structural biology techniques such as X-ray crystallography and cryo-EM (cryo-electron microscopy). This is where MS comes into play as the ribosomal stalk complex dissociates readily from the ribosome in the mass spectrometer and is observable in the mass spectra of intact ribosomes ( Figures 5A and 5C ). Tandem MS was applied to isolate the ions corresponding to the ribosomal stalk complex in the mass spectrometer. These species were subjected to increasing internal energy to disrupt protein-protein interactions within the complex in the gas phase ( Figure 5A , inset). This allowed us to establish the stoichiometry and arrangement of the ribosomal stalk complex in ten different species from bacteria, eukaryotes and archaea.
The ribosomal stalk complex in E. coli consists of L10 protein and four copies of L7/L12, where L12 is post-translationally modified by N-terminal acetylation to form L7. The role of this post-translational modification was thought to be without any functional significance. We investigated the role of N-acetylation of the E. coli ribosomal stalk protein L12 using ESI-MS together with a solution-phase hydrogen-deuterium exchange protocol. We directly examined intact ribosomes, without prior removal or denaturation of the stalk complexes or disruption of the ribosomal subunits (Y. Gordiyenko, S. Deroo, M. Zhou, H. Videler and C.V. Robinson, unpublished work). Stalk complexes harbouring differing ratios of L7 and L12 as a function of the growth conditions were subjected to increasing excitation energy in stepwise intervals in tandem MS experiments to induce disruption of the complex in the mass spectrometer. Individual L12 proteins are readily released from the complexes with less acetylation, implying a positive correlation between the extent of acetylation and the relative stability of the stalk pentamer.
Hydrogen-deuterium exchange is known to be a sensitive reporter of changes in conformation, stability and fluctuations of proteins [33] . To assess changes in stability described above, we applied this approach to intact ribosomes. We found that the deuterium incorporation into L7 (acetylated form of L12) was consistently slower than that observed for L12 and an average of two additional sites remain protected in L7 compared with L12. A subtle but reproducible difference in deuterium incorporation was also observed for L10. L10 exchanged more slowly when bound to L7 than L10 in which unmodified L12 was predominant. Overall, the results strongly imply that acetylation of L12 leads to a small increase in the secondary-structure content of L7, compared with L12, and that binding of L7 to L10 leads to enhanced interactions and slower exchange of L10. Overall, from MS of intact ribosomes, we have shown that the effects of small chemical modifications such as acetylation (42 Da) can be examined within the context of a 2.5 MDa particle.
In the thermophilic bacteria T. thermophilus, the anticipated mass of a pentameric stalk complex (L12) 4 L10 comprising two L12 dimers was calculated to be 70 178 Da, whereas the measured mass was close to a heptameric stalk (L12) 6 L10 (95 826 Da) with three L12 dimers attached to the protein L10. Tandem MS confirmed the heptameric organization of the stalk complex in T. thermophilus [16] ( Figure 5C ). Sequence alignment of L10 proteins from thermophiles T. thermophilus and Thermatoga maritima revealed an expansion in the C-terminal region of the L10 sequence compared with that of mesophiles E. coli and Bacillus subtilis. The expansion in the C-terminus of L10 provides the possible binding site for the third L12 dimer. Moreover, L12 released from the intact 50S ribosomal subunit was found to be phosphorylated in contrast with the L12 dissociated from the heptameric stalk species, indicating two distinct populations of the stalk complex. We interpreted this observation in terms of the phosphorylated stalk complex being more tightly bound to the main body of the 50S ribosome [16] .
The ribosomal stalk complex has a very similar architecture throughout all kingdoms, although protein components in bacteria have no sequence homology to those in archaea and eukaryotes. Depending on the optimal growth temperature of the species, it is composed of either two or three L12 dimers which when bound to the scaffolding protein L10 comprise a pentamer in mesophilic bacteria, or a heptamer in hyperthermophilic bacteria and archaea ( Figure 5C ). In eukaryotes, the ribosomal stalk complex has an identical arrangement, with P0 being the equivalent of scaffolding protein L10 and two different but related proteins (P1 and P2) in place of L12. The complex exists with only one stoichiometry, which is pentameric. In the yeast Saccharomyces cerevisiae, there are five stalk proteins P0, P1α, P1β, P2α and P2β. The protein composition and arrangement of the yeast stalk complex have been investigated by MS and tandem MS. P2 proteins were released in preference to P1 proteins, leading to the model where P1 proteins interact strongly with P0. P2 proteins are associated with the stalk, predominantly through interactions with P1 [17] . Post-translational phosphorylation of P proteins is proposed to affect the expression of certain proteins altering the translation of specific mRNAs [34] ; however, it is not believed to be a requirement for their association with the ribosomal particle [35] . MS data revealed phosphorylation and trimethylation of P2α and no evidence of P1β phosphorylation. Despite the large size of these MDa particles, the acetylation, phosphorylation and trimethylation of individual proteins can be determined within the context of the intact particle such that their effects on the stability and dynamics of the overall particle can be deduced.
Future prospects
In this brief review, we have summarized recent insights gained from MS of RNA-protein and protein complexes involved in RNA processing. The emerging role and potential of MS as a complementary structural biology technique are evident from these diverse studies. Many of these examples exploit the significant advantages of MS, enabling structural investigations of inherently dynamic and heterogeneous assemblies, where high-resolution techniques are less effective. New insights into subunit architecture can be gained using MS of intact complexes and subcomplexes and this has been particularly effective when combined with other structural data, such as cryo-EM. We envisage particularly exciting possibilities for MS arising from recent advances, specifically the ability to obtain information on the overall topology of protein assemblies using IM-MS. We anticipate that this development, together with those used to generate multiple subcomplexes, to carry out dynamic reactions and to investigate the effects of post-translational modifications within macromolecular assemblies, will have a major impact in the structure elucidation of protein-nucleic acid complexes, now and in the foreseeable future.
